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ABSTRACT 


This  study  considers  the  role  of  colllslonless  absorption  at  the 
boundary  between  an  unmagnetized  plasma  and  a  conductor  to  which  an  RF 
potential  Is  applied.  The  Landau  half-space  problem  Is  examined  from 
the  energetic  viewpoint  to  calculate  the  surface  power  absorption  due 
ro  longitudinal  fields.  The  transverse  field  absorption  Is  evaluated 
and  the  connection  with  the  anomalous  skin  effect  Is  Indicated.  The 
corresponding  loading  resistance  Is  found  to  be  significant  for  typical 
surface  plasma  parameters.  A  numerical  study  of  pure  bounce  absorption 
heating  demonstrates  the  physical  reality  of  the  process  and  uncovers  the 
existence  of  a  time  asymptotic  equilibrium  between  the  kinetic  energy  of 
the  plasma  and  the  externally  applied  RF  potential.  Independent  of  Initial 
conditions  or  parameters. 


Accession  For 


ft  is  cfam  t 
I»C  TAB 

Umnnour.cod  f)  1 
JttStif loati  /k 


-3- 


I.  Introduction 

It  is  comnon  practice  In  evaluating  the  loading  properties  of  radio 
frequency  (RF)  couplers  intended  for  plasma  heatinq  applications  to  consider 
primarily  the  interaction  of  the  plasma  particles  with  the  far  fields  of  the 
couplers  or  antennae  structures.  The  reason  for  the  emphasis  on  this  par¬ 
ticular  aspect  of  the  more  general  coupling  problem  is  that  in  a  given 
heating  scheme  one  is  interested  in  exciting  collective  plasma  oscillations 
in  regions  distant  from  the  location  of  the  coupler.  The  loading  calculations 
are  typically  aimed  at  evaluating  the  rate  of  energy  absorption  by  the  various 
physics  channels  of  the  wave  damping  mechanisms  (coll isional ,  collisionless, 
or  nonlinear),  and  to  equate  such  a  dissipation  with  the  actual  loading 
which  the  coupling  structure  experiences. 

In  the  actual  experimental  environment  it  is  often  found  that  a  cold 
tenuous  plasma  is  in  contact  with  the  surface  of  the  RF  couplers.  These 
plasmas  typically  have  densities  ng  -  1C10  -  101-'  cm" *  and  electron  tempera¬ 
tures  Tfi  -  20  -  40  eV.  Although  the  extent  to  which  plasma  particles  interact 
directly  with  the  surface  of  RF  couplers  can  be  minimized  by  the  careful 
design  of  metallic  guards  and  limiters,  the  fact  that  these  particles  are 
poorly  confined,  and  the  need  to  optimize  the  antenna  coupling  efficiency 
by  placing  the  RF  structures  as  close  as  possible  to  the  plasma,  suggest  that 
even  under  controlled  conditions  a  significant  interaction  may  occur.  Conse¬ 
quently,  an  understanding  of  the  possible  plasma  boundary  absorption 
mechanisms  is  desirable,  since  in  this  region  there  exist  large  electric 
fields  of  electrostatic  as  well  as  inductive  origin. 

The  large  surface  electric  fields  can  give  rise  to  intense  heating  of  the 
boundary  plasma  and  thus  cause  an  enhancement  of  the  loading  of  the  coupling 
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structure  above  that  calculated  solely  on  the  basis  of  the  far  field  inter¬ 
action.  In  addition,  the  surface  heating  can  give  rise  to  a  variety  of 
complicating  side  effects  such  as,  change  in  ambipolar  potential,  enhanced 
wall  sputtering,  enhanced  ionization  of  feed  neutral  gas,  as  well  as  multi- 
pactor  breakdown  between  adjacent  metallic  surfaces. 

The  present  study  treats  simple  examples  of  collisionless  plasma  boundary 
absorption  in  the  neighborhood  of  conductors  to  which  RF  potentials  are 
applied.  For  simplicity,  the  unmagnetized  plasma  behavior  is  considered. 

The  results  obtained  can  be  applied  to  magnetized  plasmas  in  which  the  field 
lines  intersect  the  RF  coupler  (e.g.,  whistler  wave  antennae,  the  mouth  of 
high  frequency  waveguide  grills,  exposed  couplers  for  ion  cyclotron  resonance 
heating),  or  in  an  approximate  sense  to  the  surface  plasmas  which  for  a 
variety  of  reasons  (e.g.,  open  field  lines,  enhanced  transport)  are  poorly 
confined. 

The  prototype  example  of  collisionless  boundary  absorption,  i.e.,  the 
Landau  half-space  problem,  is  examined  from  the  energetic  viewpoint  in  Sec.  II. 
The  characteristic  scaling  for  the  power  absorption  due  to  the  boundary  effects 
is  given  by  |E0|2v/4t»,  where  EQ  Is  the  amplitude  of  the  RF  electric  field  at 
the  boundary,  and  V  is  the  average  random  velocity  of  the  electrons  flowing 
toward  the  boundary.  This  result  can  be  simply  visualized  4s  the  process  of 
random  particle  flow  across  the  low  frequency  ponderomotive  potential  due  to 
the  RF  field. 

The  process  of  bounce  absorption  Is  Illustrated  in  a  numerical  study 
presented  in  Sec.  III.  It  Is  found  that  a  collection  of  charged  particles 
confined  between  two  reflecting  walls  can  be  strongly  heated  by  the  applica¬ 
tion  of  a  uniform  RF  field.  The  system  exhibits  a  universal  asymptotic 
state  in  which  the  average  kinetic  energy  per  particle  /N  is  proportional 
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to  the  RF  potential  *  applied  between  the  walls,  i.e.,  the  system  attains 
quasi -equi partition  due  to  the  stochastic  collisions  with  the  inert  walls. 

The  absorption  process  associated  with  an  evanescent  inductive  field  is 
Investigated  in  Sec.  IV.  Its  connection  with  the  anomalous  skin  effect  is 
Indicated  and  the  corresponding  loading  for  a  RF  conductor  is  calculated. 
Concluding  remarks  are  presented  in  Sec.  V. 

II.  Longitudinal  Field  Absorption 

Consider  a  semi-infinite  one  dimensional  plasma  in  the  space  x  -  0  having 
uniform  density  nQ,  and  bounded  by  a  specularly  reflecting  wall  located  at 
x  »  0.  It  Is  assumed  that  a  RF  generator  of  frequency  u>  Is  connected  to  the 
wall,  and  that  in  the  absence  of  plasma  this  geometry  generates  a  vacuum 
electric  field  given  by  £  =  EQ  exp(-iwt)  x,  where  x  is  the  unit  vector  pointing 
into  the  plasma.  This  is  the  geometry  used  by  Landau  to  study  the  launching 
and  collisionless  spatial  damping  of  Langnuir  waves  having  u>  >  u)p,  where  u>p  is 
the  electron  plasma  frequency.  Here  we  are  Interested  in  the  regime  m  ^  u<  , 
as  is  appropriate  for  low  frequency  RF  heating  schemes.  Consequently,  the 
electric  field  of  interest  is  evanescent,  i.e.,  when  the  plasma  is  present 
the  spatial  dependence  of  the  field  is  given  by 

i  =  (E0/e)  exp(-iwt)  [1  -  (wp/wHexp  (-ax)]  x  (1) 

where  c  *  1  -  Up/w)2,  and  a  s  kgje|  '  ,  with  =  /T  u'p/v  representing  the 
Debye  wavenumber.  The  longitudinal  evanescent  field  in  Eq.(l)  need  not  be 
identified  explicitly  with  a  particular  type  of  RF  antenna,  but  rather  it  can 
be  thought  of  as  a  fringing  field  which  is  Intrinsically  generated  by  the 
manner  in  which  the  RF  potential  Is  applied  to  the  metallic  conductor.  Of 
course,  the  actual  extent  to  which  the  fringing  field  samples  the  plasma  can 
be  controlled  by  the  usage  of  Faraday  shields,  as  Is  commonly  done  in  magnetic 
couplers. 
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We  are  Interested  In  evaluating  the  power  P  absorbed  per  unit  of  antenna 
area  A  exposed  to  the  plasma 

J  -  Re  (  j*dx  <  E  •  ?>  )  (2) 


where  Re  refers  to  the  real  part,  j  is  the  electron  current  density  oscillating 

at  frequency  w,  and  <  >  denotes  a  time  average.  The  power  absorbed  by  the 

2  3 

ions,  as  well  as  the  excitation  of  ion  acoustic  waves,  *  is  neglected  in 
this  calculation  because  we  envision  a  parameter  regime  in  which  w  , 

Tg/T^  ~  1-2,  where  refers  to  the  ion  plasma  frequency,  and  Te,  Ti  represent 
the  electron  and  ion  temperatures. 

The  electron  current  j  can  be  obtained  by  integrating  the  linearized 
Vlasov  equation  over  unperturbed  trajectories.  It  is  found  that  there  are 
three  different  contributions  to  the  oscillating  current  at  a  given  x  within 
the  plasma.  One  contribution  j  is  due  to  electrons  which  travel  in  the 
direction  of  increasing  x,  i.e.,  v  >  0.  Another  contribution  j  is  due  to 
electrons  which  travel  from  the  interior  of  the  plasma  toward  the  boundary, 
i.e.,  v  <  0.  Finally,  there  is  the  contribution  jb  of  those  electrons  which 
arrive  at  x  after  being  reflected  by  the  boundary  at  x  =  0.  These  contribu¬ 
tions  are 
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exp  [iu>(x-x  )/v]  fQ 
exp  [iw(x+x  )/v]  fQ 
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where  e  and  m  refer  to  the  electron  charge  and  mass. 
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The  quantities  jf,  and  are  the  coefficients  of  terms  which 
oscillate  as  exp  (-  iut),  and  have  been  obtained  by  assuming  that  the  zero 
order  velocity  distribution  function  f  (v)  is  symmetric  in  v. 

The  Individual  contributions  to  the  absorbed  power  are  obtained  by 
inserting  Eqs . (3) -( 5)  into  £q .(2)  and  using  the  spatial  form  of  the  electric 
field  given  in  Eq.(l).  The  results  take  the  form 

(P/A)$  *  (e2nQ/m)  |EQ/ej2  fdv  ^  K$(v,w)  (6) 

j  o 

where  the  Index  s  refers  to  the  r,  i,  b  contributions  identified  in  Eqs.(3)-(5). 
The  K$  are  given  by 

Kr  =  -  (v/w)2  +  (X-X2/2)/[a2+(u>/v)2]  (7) 


Ke  «  (X-X2/2)/[a2+(a>/v)2] 


(8) 


*  -  (V/W)2  +  (2x)/[a2+(a,/v)23  +  X2[a2-(ui/v) 2]/[a2+(w/v)2]”!  (9) 


where  X  3  (u>p/w)2. 

Using  the  definition  given  for  a  and  summing  Eq.(6)  over  the  three 
contributions  one  arrives  at  a  compact  form  for  the  total  power  absorbed  by 
the  electrons 
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=  f  (v/v),  the  general  scaling  for  the  longitudinal 
boundary  absorption  mechanism  is  seen  from  Eq,(10)  to  be 
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where  the  unitless  function  H  gives  the  frequency  dependence  of  the  effect. 
Figure  1  exhibits  this  dependence  for  a  Maxwellian  velocity  distribution 
function  in  the  frequency  Interval  1.1  <  (u>p/u>)2  <  200  of  Interest  to  the 
evanescent  near  field  problem.  For  large  values  of  Up/w)  ,  H  -  (23)(u>/wp):. 

To  obtain  a  feeling  for  the  order  of  magnitude  of  the  power  absorbed 
through  the  longitudinal  near  field  interaction,  consider  the  characteristic 
parameters  A  -  0.3  m2,  v  -  108cm/sec,  H  *  10' 1  from  Fig.  1,  and  EQ  -  3  KV/cm, 
to  find  from  Eq.(ll)  that  20  KW  of  RF  power  can  be  transferred  to  the  surface 
of  the  plasma  In  the  Immediate  vicinity  of  the  RF  conductor. 

It  should  be  noted  that  by  setting  x  =  0  in  Eqs.(7)-(9)  one  obtains  the 

power  absorbed  for  a  spatially  uniform  electric  field,  i.e.,  in  this  limit 

Eq.(l)  yields  E  =  (EQ/e)  exp(-iwt)x.  It  is  found  that  even  under  this 

situation,  where  it  is  clear  that  transit-time  effects  are  absent,  there  is 

net  power  being  absorbed  by  the  electrons.  In  this  case  the  absorption 

mechanism  is  entirely  due  to  the  stochastic  collisions  of  the  plasma 

electrons  with  the  boundary.  Its  existence  in  plasmas  has  been  previously 
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pointed  out  by  Nekrasov  and  Timofeev  ,  and  by  Banos,  et  al .  in  calculations 
motivated  by  wave  propagation  in  mirror  geometry.  The  result  presented  in 
Eq.(10)  contains  both  the  contribution  of  the  stochastic  bounce  absorption 
mechanism  and  the  transit  time  effects  due  to  the  electrons  passing  through 
the  evanescent  envelope  of  the  near  field. 

III.  Properties  of  Bounce  Absorption 

To  elucidate  the  reality  of  the  bounce  absorption  mechanism  we  proceed 
to  consider  an  idealized  system  which  is  heated  by  this  process.  The  model 
system  consists  of  a  collection  of  charged  particles  which  move  along  one 
dimension  between  two  perfectly  reflecting  walls.  An  external  spatially 


uniform  electric  field  given  by  EQ  cos(wt)  points  along  the  direction  of 
motion,  as  in  the  half-space  problem  of  Sec.  II.  This  geometry  is  of 
practical  interest  in  connection  with  the  multi pactor  breakdown  effect*5 
which  may  be  encountered  when  a  tenuous  plasma  is  permitted  to  enter  into 
open  ended  waveguides  used  in  high  frequency  heating  schemes. 

Since  the  rate  of  energy  transfer  due  to  the  stochastic  bounce  process 
depends  linearly  on  the  average  particle  flux  to  the  wall,  as  seen  from 
Eq .(11)  •  it  is  suggestive  that  a  RF  induced  temperature  runaway  may  occur 
in  the  two  wall  problem  (perfect  confinement).  Therefore,  it  is  of  interest 
to  inquire  what  is  the  final  state  attained  by  such  a  system. 

Defining  the  distance  between  the  two  walls  to  be  2L,  and  using  the 
scaled  variables  t  =  wt,  £  *  x/L,  and  A  =  eE0/mw2L,  the  equation  of  motion  is 
simply 

£  =  -  A  cos  t  (12) 

which  is  to  be  solved  with  the  constraint  that  at  £  =  ±1 ,  d£/dx  reverses 
sign.  We  have  solved  Eq . ( 1 2 )  numerically  for  a  collection  of  particles 
(typically  200  to  300)  over  a  broad  range  of  initial  conditions  and  amplitude 
levels  A. 

The  reality  of  the  bounce  absorption  mechanism  is  made  evident  in  the 
phase  space  plots  shown  in  Fig.  2.  In  Fig.  2a)  one  observes  the  conditions  at 
t  *  0,  which  correspond  to  a  spatially  uniform  cold  beam  travelling  toward 
the  wall  located  at  the  right  edge  of  the  figure.  In  the  absence  of  the 
RF  field  the  beam  is  specularly  reflected  as  indicated  in  Fig.  2b).  However, 
when  the  field  is  present,  different  particles  sample  different  phases  of  the 
oscillation.  Thus,  a  spread  in  the  velocity  of  the  reflected  particles 
occurs  and  leads  to  a  net  absorption  of  RF  power,  as  shown  in  Fig.  2c). 
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It  has  been  verified  in  the  numerical  study  that  the  multiple  bounces 
between  the  walls  give  rise  to  a  secular  increase  in  the  kinetic  energy  of 
the  charged  particle  population,  as  expected.  In  addition,  one  finds  the 
existence  of  a  well  defined  time  asymptotic  state  with  a  unique  value  of  the 
kinetic  energy  per  particle,  KE/N,  for  a  fixed  value  of  A. 

The  asymptotic  state  is  independent  of  the  initial  phase  space  configura¬ 
tion,  as  is  demonstrated  in  Fig.  3.  In  this  figure  we  exhibit  the  time 
evolution  of  the  kinetic  energy  KE  (in  arbitrary  units)  for  a  fixed  A  =  0.2, 
but  starting  from  different  initial  configurations.  In  this  particular  example 
we  have  considered  the  cases:  (1)  slow  counter-streaming  beams,  (2)  fast 
counter-streaming  beams,  (3)  relatively  low  random  velocities  with  a  random 
spatial  distribution,  and  (4)  same  as  (3)  but  with  fast  random  velocities. 

Other  exotic  initial  conditions,  including  space  and  velocity  bunching,  have 
been  considered  and  show  results  similar  to  those  of  Fig.  3.  For  sufficiently 
long  times,  i .e. ,  r  >  50,  all  the  systems  approach  a  constant  value  of  KE 
about  which  fluctuations  occur  The  detailed  manner  in  which  the  asymptotic 
state  is  approached  does  depend  on  the  initial  choice  of  the  configuration; 
however,  as  seen  in  Fig.  3  a  well  defined  ensemble  average  <,KE>  exists. 

The  dependence  of  the  ensemble  averaged  asymptotic  kinetic  energy  per 
particle  <(KE>  /N  (in  units  of  mw-L  )  on  the  scaled  RF  amplitude  A  is  shown  in 
Fig.  4.  The  dots  represent  individual  runs  performed  with  different  numbers 
of  particles  and/or  initial  conditions,  hence  they  convey  an  idea  of  the 
statistical  nature  of  the  information.  The  dashed  line  in  Fig.  4  is  an  eyeball 
fit  to  the  data  which  helps  to  illustrate  the  overwhelming  linear  dependence 
on  A  over  the  region  0.1  ■  A  ■  0.5.  In  terms  of  physical  variables  this 
dependence  implies  that 

»  i  **  (13) 
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where  $  =  2LEQ  is  the  peak  RF  voltage  difference  applied  between  the  walls 
and  y  0.7  is  a  constant.  This  result  suggests  that  the  charged  particle 
system  attains  quasi-equipartition  with  the  externally  applied  potential 
independently  of  the  applied  frequency,  the  system  size,  or  the  particle 
mass.  The  attainment  of  this  pseudo- thermodynamic  equilibrium  is  brought 
about  by  the  stochastic  collisions  with  the  walls. 

The  dynamical  effect  which  prevents  the  unbounded  growth  in  KE  (i.e., 

"he  RF  runaway),  can  be  traced  to  the  existence  of  a  maximum  velocity 
vH  =  u)L/tt  for  which  the  direction  of  the  electric  field  reverses  when  the 
particle  reaches  one  of  the  walls.  Once  a  particle  attains  a  velocity  close 
to  vM  no  significant  energy  gain  occurs,  but  such  a  particle  can  oe  scattered 
into  lower  velocity  bins.  Consequently,  the  system  is  self-limiting  and  the 
maximum  energy  which  can  be  transferred  to  it  is  given  by  Eq.  (13). 


IV.  Transverse  Field  Absorption 

We  proceed  to  evaluate  the  power  absorbed  by  the  plasma  electrons  due  to 
a  component  of  the  RF  electric  field  which  points  in  a  direction  y  parallel 
to  the  boundary,  as  is  appropriate  for  inductive  'ields,  i.e., 


E  =  EQ  exp  (-kx)  cos  (wt)y 


(14) 


where  <  is  an  evanescent  wavenumber  which  is  left  unspecified  at  this  stage. 

The  change  in  velocity  av^  experienced  by  a  single  particle  reflected 
from  the  boundary  is 


AV. 


2eE„ 

( - °) 

'  m«  ' 


(<vx/ u) 
l  +  (tcvx/u))2 


COS  0 


(15) 


where  v  is  the  speed  of  the  particle  in  the  x  direction  (unchanged  by  the 


boundary)  ande  is  the  random  phase  of  the  field  at  the  time  the  particle 


nil  i  mfcH  i  mitii 


where  G(z)  .  -Si-  f  du  (18) 

/ir  q  [1+Z2U2]2 

for  a  Maxwellian  velocity  distribution. 

The  dependence  of  the  structure  function  G  on  (kv/w)2  is  shown  in  Fig.  5 
for  the  interval  0.01  <  (tcv/u)2  *  2.01,  i.e.,  when  the  transit  time  is  larger 
than  the  RF  period,  and  in  Fig.  6  for  1.0  *  (kv/u>)2  -  200  which  corresponds  to 
the  small  transit  time  regime.  As  expected  from  Eq.  (18),  in  the  large 
transit  time  limit  G  ~  (0.28)(kv/w)2,  whereas  for  small  transit  times 
G  '  (1 .08) (kv/<d)"2.  For  (kv/w)  -  1,  G  exhibits  its  maximum  value,  i.e., 

G  <  5.64  x  10'2. 

To  express  the  surface  absorption  effect  in  terms  of  a  loading  resistance 
R  experienced  by  the  RF  generator,  one  introduces  the  current  1  flowing  through 
the  conductor,  i.e.,  EQ  *  al,  where  a  refers  to  the  inductance  per  unit 
length  of  the  structure. 

Using  the  planar  result  of  Eq.  (17)  to  approximate  the  absorption  of  a 
cylindrical  conductor  of  radius  a  and  length  l  yields 

f  =  ITT  =  2lTa*2u  E0  v  G  (£S  (19) 

which  refers  to  the  resistance  per  unit  length  in  units  of  ohms/meter  and  in 
which  all  quantities  are  evaluated  in  the  MKS  system;  eQ  refers  to  the  per¬ 
mittivity  of  free  space.  In  general,  the  inductance  per  unit  length  is 
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given  by  c  *  nQs,  where  s  is  a  unitless  quantity  involving  geometrical 
factors,  hence 


t 1 2  (^)(v)(v/c)(Vu,)‘s' G(kV/u,)  (20) 

which  implies  that 

T^r  "  (^0a)  (v/c)  U'p/u')'  s  G(kV/ui)  (21) 

where  | |  *  n0»>Ls  is  the  magnitude  of  the  Inductive  impedance,  uQ  is  the 

permeabl 1 1 ty  of  free  space,  and  kQ  =  »o/c  is  the  vacuum  wavenumber. 

To  obtain  a  feeling  for  the  possible  magnitude  of  this  effect  consider 

the  characteristic  parameters  «/2n  *  5  *  10*'  MHZ,  («i  /<n )•'  ■  10’,  v/c  -  10_*  , 

a  -  5  cm,  s  -  1,  G  •  10"',  which  result  in  R/ | (  ■  3  v  10"‘  from  Eq.  (21). 

This  Implies  that  the  RF  conductor  exhibits  a  quality  factor  Q  |zo|/R  30 

due  to  the  plasma  boundary  absorption  alone.  If  such  a  RF  conductor  were  to 

be  used  to  couple  energy  into  collective  oscillations  of  the  plasma  which 

have  much  larger  Q  values,  then  it  would  be  found  that  the  loading  due  to 

the  surface  absorption  would  mask  the  measurements  of  the  collective  mode  Q. 

The  collisionless  absorption  mechanism  described  by  Eq.  (17)  has  been 

studied  by  solid  state  physicists  for  many  years7  in  the  context  of  the 

anomalous  reflection  of  microwaves  from  the  surfaces  of  good  conductors,  i.e., 

the  anomalous  skin  effect.  Practical  applications  of  the  effect  have  been 

S  9 

investigated  by  Kap1tza\  who  has  proposed  a  fusion  scheme  which  derives  its 
electron  heating  Input  from  this  channel.  Limited  studies  of  the  anomalous 
skin  effect  In  plasmas  have  been  reported.^’" 

The  connection  with  the  anomalous  skin  effect  studies  arises  when  one 
demands  global  conservation  of  energy.  This  implies  that  the  evanescent 
wavenumber  in  Eq.  (14)  is  quasi  sel f-consistently  determined  from  the 


-14- 


the  requirement  that  the  power  absorbed,  as  given  by  Eq.  (17),  must  be 
balanced  by  the  Poynting  flux  into  the  plasma  Sx  at  x  =  0,  i.e., 

sx  .  L  (E  ©  B)  . ; .  J 


(22) 


which  yields  the  consistency  relation 


<*>, 


—  *  R)  (J)  G  (&.) 


U) 


0) 


U) 


(23) 


from  which  k  is  to  be  determined. 

In  general,  G  has  the  dependence  on  <  exhibited  in  Figs.  (5)  and  (6). 
However,  to  extract  the  usually  quoted  anomalous  skin  effect  one  considers 
only  the  short  transit  time  regime  (<V/w)  >  1  and  approximates  G  ~  (kv/w)” 
In  this  approximate  limit  Eq.  (23)  yields 


K  =  (u>2w/C2v) 


(24) 


which  gives  rise  to  the  absorbed  power 


|e"p 


U) 


0 1 
c  TT 


(25) 


and  the  equivalent  of  Eq.  (21)  becomes 


2/3 


1/3 


TTJ  =  2,(koa>  (^’  5 


(26) 


O’  V 

The  region  of  validity  for  Eqs.  (25)  and  (26)  is  found  self-conslstently 
from  Eq.  (24)  to  be 


“n  4/3  v  4/3 

(-£>  <-f)  >  i 


(27) 
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The  collisional  RF  power  absorption  ?c  which  accompanies  the  anomalous 
collisionless  process  is 

!c  . (c^),/3  v  Ifoil  <28: 

Si  2x  2  'l*)U)2  4tt 

ur+V*  P 

where  v  refers  to  the  electron-ion  collision  frequency. 

The  ratio  of  the  corresponding  collisional  loading  resistance  Rc  to  the 
collisionless  one  is 

R  10  2/3  ~  2/3 

r‘(-|>  <t>  <;)  [>*(v/.)2r‘  (29: 

which  shows  that  for  typical  parameters  the  collisional  loading  of  the  RF 
coupler  is  at  least  two  orders  of  magnitude  smaller  (it  can  be  much  smaller) 
than  the  collisionless  surface  absorption  loading. 

As  is  well  known,  in  the  absence  of  surface  absorption  the  evanescent 
wavenumber  k  is  associated  with  the  collisionless  skin  depth.i.e., 

<  -  Wp/c  =  Kp  which  arises  due  to  a  non-dissipative  process.  To  incorporate 
this  behavior  in  a  continuous  manner  in  the  evaluation  of  k,  which  is  required 
in  Eq.  (17)  to  obtain  the  surface  power  absorption,  one  can  introduce  an 
effective  total  conductivity  Oj  defined  by 


where  oa  =  K^/ip0w,  and  «a  is  the  anomalous  wavenumber  given  by  Eq.  (24)  or 
the  more  exact  result  obtained  from  solving  Eq.  (23);  op  =  i><p2/v0u)  refers  to 
the  cold  plasma  conductivity.  The  effective  wavenumber  «y  associated  with 
oT  is  defined  by  . 

I  /  i  \  1/2  /«« 


hence 


*T  " 


K2  K*  !/2 

-  (4-4-) 


k2 

a+  p 


(32) 
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whlch  shows  that  as  >>  K2t 


and  for  »  <1,  then  tcT  -  as 

a  a  p  I  p 


is  expected.  Physically  the  >>  K2  reg1 me  refers  to  low  frequency  RF 

P  ® 

applied  to  a  hot  plasma  and  the  transition  to  tc|  >>K2  impnes  an  increase 

in  frequency  and/or  a  colder  plasma.  From  Eq.  (24)  the  transition  is 

expected  to  occur  at  w  ~(v/c)  <Op. 

It  should  be  mentioned  that  under  certain  conditions  a  plasma  may 

1 2 

contain  a  population  of  suprathermal  electrons  whose  density  n$  is  much 
smaller  than  the  background  density,  but  having  an  effective  thermal  velocity 
v$  much  larger  than  that  of  the  background  electrons,  i.e.,  ns  «  nQ, 
v$  >>  v.  The  presence  of  such  electrons  can  cause  an  enhancement  of  the 
surface  power  absorption  which  can  be  put  in  the  form 


P 

I 


(4) 


l£ol2- 

TT  v 


[•<3 


nfv,  Kv_ 

.)  +  (-L±)  G  (-A) 

n  V 
o 


(33) 


If  the  velocity  distribution  of  the  suprathermal  component  can  be  approximated 
by  a  Maxwellian.  From  Eq.  (33)  It  is  clear  that  in  certain  parameter  regimes 
the  background  electrons  may  be  found  In  the  kv/u>  <  1  regime  while  the 
suprathermals  are  in  the  short  transit  time  limit. 


V.  Conclusions 

The  present  study  provides  simple  examples  which  demonstrate  that  when 
an  unmagnetized  plasma  surrounds  a  conductor  to  which  a  RF  potential  is 
applied,  a  significant  amount  of  power  can  be  absorbed  by  the  surface  electrons 
due  to  the  process  of  collisionless  boundary  absorption.  This  process  consists 
of  both  pure  bounce  absorption  and  transit  time  absorption.  The  surface 
absorption  can  lead  to  an  enhanced  loading  of  the  RF  coupler  which  In  some 
parameter  regimes  can  mask  the  loading  associated  with  the  far  field  excita¬ 
tion  of  collective  plasma  oscillations.  In  addition,  the  process  gives  rise 
to  energetic  surface  electrons  which  may  cause  a  variety  of  undesirable  effects. 
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It  should  be  noted  that  the  collisionless  surface  absorption  effects 
are  intrinsically  kinetic  processes  which  enter  into  the  formal  theory  as 
nonlocal  terms.  Therefore,  such  effects  are  absent  in  coupling  calculations 
which  treat  the  plasma  as  a  cold  dielectric,  and  even  in  kinetic  formula¬ 
tions  if  the  integral  equation  contributions  from  the  RF  boundary  are  not 
retained. 

A  numerical  study  of  pure  collisionless  bounce  absorption  heating  has 
demonstrated  the  physical  reality  of  this  process,  and  has  uncovered  the 
existence  of  a  quasi -thermodynamic  equilibrium  between  the  charged  particles 
and  the  applied  RF  potential. 

It  is  clear  that  the  effect  of  external  magnetic  fields  on  the  bounce 
absorption  process  is  of  considerable  interest  in  connection  with  the  RF 
heating  of  magnetized  plasmas.  This  is  a  more  difficult  problem  which  deserves 
investigation. 

Acknowledgements 

1  ^ 

The  interest  in  this  topic  was  motivated  by  RF  coupler  measurements 
performed  in  collaboration  with  Dr.  R.  0.  Taylor.  Interesting  discussions 
were  held  with  Prof.  J.  M.  Dawson  about  the  anomalous  skin  effect.  This 
work  was  supported  by  the  Office  of  Naval  Research.  — — 


-18- 


fr 

t 


BIBLIOGRAPHY 

1.  L.  D.  Landau,  J.  Phys.  (USSR)  TO.,  45  (1946). 

2.  R.  W.  Gould,  Phys.  Rev.  J36,  991  (1964). 

3.  G.  L.  Johnston,  Ph.  Dissertation,  Physics  Department,  University  of 
California,  Los  Angeles,  July  1969;  PPG  Report#51  (1969)  (unpublished). 

4.  A.  K.  Nekrasov,  and  A.  V.  Timofeev,  Nucl.  Fusion,  13,  239  (1973). 

5.  A.  Banos,  Jr.,  E.  S.  Welbel,  and  J.  W.  Van  Dam,  Phys.  Fluids  21,  1986 
(1978). 

6.  A.  J.  Hatch,  and  H.  B.  Williams,  Phys.  Rev.  H2,  681  (1958). 

7.  G.  E.  Reuter  and  E.  H.  Sondheimer,  Proc.  Roy.  Soc.  195,  336  (1948). 

8.  P.  L.  Kapitza,  Zh.  Eksp.  i  Teor.  Fiz.  57,  1801  (1969)  [Sov.  Phys. 

JETP  30,  973  (1970)]. 

9.  P.  L.  Kapitza,  Zh.  Eksp.  1  Teor.  Fiz.  58,  377  (1970)  [Sov.  Phys.  JETP 
11.  199)] 

10.  M.  J.  Kofold  and  J.  M.  Dawson,  Phys.  Rev.  Lett.  17.,  1086  (1966). 

11.  S.  Ichlmaru,  "Basic  Principles  of  Plasma  Physics",  W.  A.  Benjamin 

(1973)  P.  84. 

12.  As  Is  common  In  DP  machines  due  to  the  Injection  of  primary  electrons. 
H.  Goede,  private  communication. 

13.  G.  J.  Morales  and  R.  J.  Taylor,  Proc.  Varenna-Grenoble  Int.  Symp.  on 
Heating  of  Toroidal  Plasmas,  July  3,  1978,  Vol.  II,  p.241. 


-19- 


Fig.  1: 


Fig.  2: 


Fig.  3: 


Fig.  4: 


Fig.  5: 


Fig.  6: 


FIGURE  CAPTIONS 

Frequency  dependence  of  the  longitudinal  surface  power 
absorption. 

Phase  space  evolution  demonstrating  the  existence  of  the  bounce 
absorption  process,  (a)  initial  beam  configuration,  (b)  particle 
reflection  without  RF,  (c)  particle  reflection  with  RF  present. 

Existence  of  a  time  asymptotic  state  independent  of  initial 
conditions:  (1)  fast  counter-streaming  beams,  (2)  slow  counter¬ 
streaming  beams,  (3)  slow  random  velocities,  random  spatial 
distribution,  (4)  fast  random  velocities,  random  spatial  distri¬ 
bution.  A  =  0.2,  total  kinetic  energy  KE  is  in  arbitrary  units. 

Dependence  of  asymptotic  kinetic  energy  per  particle  (in  units 
of  murL  /2)  on  the  RF  amplitude  A  =  eE  /mw~l. 

Dependence  of  the  structure  function  G  for  transverse  surface 
absorption  in  the  large  transit  time  region. 

Dependence  of  the  structure  function  G  for  transverse  surface 
absorption  in  the  small  transit  time  region. 
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